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Processing contaminants may be deﬁned as substances that are produced in a food when it is cooked or
processed, are not present or are present at much lower concentrations in the raw, unprocessed food, and
are undesirable either because they have an adverse effect on product quality or because they are
potentially harmful. The presence of very low levels of processing contaminants in common foods is
becoming an increasingly important issue for the food industry, as developments in analytical techniques
and equipment bring foods under closer and closer scrutiny. This review considers the formation of lipid
oxidation products, hydrogenation of polyunsaturated fatty acids to prevent lipid oxidation and the
associated risk of trans fatty acid formation. The formation of acrylamide in the Maillard reaction is
described, as well as the genetic and agronomic approaches being taken to reduce the acrylamide-
forming potential of cereal grain. The multiple routes for the formation of furan and associated chem-
icals, including hydroxymethylfurfuryl, are also described. The evolving regulatory and public perception
situations for these processing contaminants and their implications for the cereal supply chain are
discussed, emphasising the need for cereal breeders to engage with the contaminants issue.
 2013 The Autho rs. Publ ished by Elsev ier Ltd.   Open access under CC BY license.1. Introduction
A food contaminant, based on dictionary deﬁnitions, may be
described as a substance that makes a food impure. Foods are
complex mixtures, of course, so it may be more useful to deﬁne a
contaminant as something that would not normally be present in
the food, has been introduced inadvertently from an external
source or as a result of microbial, fungal or animal activity, or even
just as something undesirable. Mycotoxins produced by fungal
activity are an obvious example and are dealt with in another
article in this volume. The issue becomes more complicated when
food processing and cooking are involved, as these may bring about
substantial changes in composition, including the production of
substances that are not present in the raw food. Of course, these
changes may be necessary to make the food edible and/or2203, þ44 (0)785 762 6662
T.Y. Curtis), Jennifer.postles@
hamsted.ac.uk, liz.allsopp@
r Ltd.    Open access under CC BY licepalatable, and when these substances are responsible for the
colour, ﬂavour and aroma of a food and have no negative effect on
human health they are certainly not described as contaminants.
Some of these compounds, however, do have the potential to have a
negative effect on product quality, or even to cause harm, and
therefore fall into the category of processing contaminant. We may
therefore describe a processing contaminant as a substance that is
produced in a food when it is cooked or processed, is not present or
is present at much lower concentrations in the raw, unprocessed
food, and is undesirable either because it has an adverse effect on
product quality or because it is potentially harmful.
In this review, we describe four processing contaminants, trans
fatty acids, acrylamide, furan and hydroxymethylfurfuryl, their
implications for the cereal food supply chain, and the strategies that
are being or could be developed to reduce their levels in cereal-
derived products.2. Thermal oxidation of lipids and the production of trans
fatty acids
Wheat (Triticum aestivum), barley (Hordeum vulgare) and rye
(Secale cereale) grain contains only approximately 1% oil and it is
not worth extracting the oil for commercial use. Maize (Zea mays)nse.
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respectively. There is some commercial use of oat oil in cosmetics
and skin moisturisers, but maize oil is a much more important
commodity, with, for example, 1.3 billion litres of it being used in
the USA in 2012, mostly for margarine and cooking oil (data from
United States Department of Agriculture). Maize oil is made up of
linoleic acid (54%), oleic acid (30%) and palmitic acid (12%), with
stearic acid and a-linolenic acid making up the rest. Linoleic acid is
an 18-carbon, omega-6 (18:2 n-6) polyunsaturated fatty acid, while
oleic acid is an 18-carbon, omega-9 (18:1 n-9) monounsaturated
fatty acid and palmitic acid is a 16-carbon saturated fatty acid
(16:0). Polyunsaturated fatty acids are prone to oxidation during
cooking and high-temperature processing, giving rise to lipid per-
oxides. These can form polymers that give a dark colouration and
may be toxic. They can also breakdown to form various ketones,
alcohols, hydrocarbons, acids and epoxides. These breakdown
products cause a rancid, ‘off’ ﬂavour and odour and can give rise to
the formation of furans (Section 4).
Traditionally, food processors have avoided polyunsaturated
fatty acid oxidation by chemical hydrogenation of the double
bonds, converting the fatty acids tomonounsaturates and saturates.
Saturation of the fatty acids in plant oils also solidiﬁes them,
making them suitable for the production of margarines. The
problem with the process is that some of the double bonds remain
unsaturated but change from the cis form, which is present in the
naturally-occurring molecule, to the trans form. In the cis form, the
two hydrogen atoms attached to the carbon atoms involved in the
double bond are on the same side of the double bond, while in the
trans arrangement they are on opposite sides. The molecule is
therefore identical to the naturally-occurring polyunsaturate in
terms of length and number of double bonds but has a more linear
shape. Nevertheless, it is regarded as so different from the cis form
of the molecule that in the USA and Europe it cannot legally be
designated as a polyunsaturate in food. This is partly because trans
fatty acids arising from partial hydrogenation of plant oils are now
regarded as being as harmful as saturated fatty acids in raising the
level of low-density lipoprotein (LDL) cholesterol when consumed
(reviewed by Brouwer et al., 2010) (it should be noted here that, in
contrast to trans fatty acids produced in this way, vaccenic acid, a
trans fatty acid found naturally in beef and dairy products, has been
claimed to have health beneﬁts (Bassett et al., 2010; Wang et al.,
2010)).
The US government introduced legislation requiring informa-
tion on the trans fat content of food products to be included in the
Nutrition Facts panel of food labels in 2008 and, while there is no
European Union legislation on trans fats, some Member States have
acted independently. Denmark, for example, introduced legislation
in 2003 limiting the trans fat content of fats and oils to 2%, with the
limit applying to ingredients, not ﬁnished foods. The United
Kingdom government, on the other hand, has not introduced
legislation but there is a voluntary pledge from all major food
manufacturers to remove trans fats from their products.
Soybean oil also contains a lot of linoleic acid and a genetically
modiﬁed (GM) variety, Plenish, in which the activity of a gene
encoding a delta-12 desaturase enzyme that converts oleic acid to
linoleic acid is reduced, has been produced by PBI, a subsidiary of
DuPont. This variety accumulates oleic acid to approximately 80% of
its total oil content, compared with 20% in non-GM varieties
(Kinney, 1997), making the oil more stable during frying and
cooking, less prone to oxidation and therefore less likely to form
compounds that affect ﬂavour (Mounts et al., 1994; Cahoon, 2003).
Hydrogenation, with its risk of trans fatty acid formation, is not
required. Monsanto also has a high oleic acid variety, Vistive, on the
market; in this variety the high oleic acid trait was developed by
mutagenesis, not GM, although the variety also carries a GM traitfor tolerance of the herbicide, glyphosate. The technology has
attracted some controversy because linoleic acid and its further
desaturated derivative, a-linolenic acid, are important dietary fatty
acids and consumers may not understand the signiﬁcance of the
changes that have been made. There are currently no reports of it
being transferred to maize, despite the established market for
biotech maize varieties in the USA and many other parts of the
world. Nor are we aware of other non-GM approaches to reducing
the risk of trans fatty acid formation.3. Acrylamide
3.1. Chemistry of the Maillard reaction and formation of acrylamide
The Maillard reaction, which was named after the French
chemist, Louis Camille Maillard, who ﬁrst described it in 1912
(Maillard, 1912), comprises a series of non-enzymic reactions be-
tween sugars and amino groups, principally those of amino acids. It
takes place only at high temperatures and occurs mainly in cooked
foods prepared by frying, baking and roasting. The reaction requires
a reducing sugar such as glucose, fructose or maltose, although
sucrose can participate if it is ﬁrst hydrolysed through enzymic,
thermal or acid-catalysed reaction (De Vleeschouwer et al., 2009).
The products of the reaction include melanoidin pigments, which
are complex polymers that are responsible for the brown colour in
fried, baked and roasted foods, including bread crust, biscuits,
crackers, cakes, tortillas, fried tortilla chips and other snacks, and
toasted grains. The reaction also provides complex mixtures of
compounds that impart ﬂavour and aroma, including pyrazines,
pyrroles, furan (a contaminant described in Section 4), oxazoles,
thiazoles and thiophenes (Mottram, 2007). The particular com-
pounds formed give different cooked foods and brands their
deﬁning characteristics, and depend on the amino acid and sugar
composition of the raw material and the processing conditions.
The reaction is initiated by the condensation of the carbonyl
(C]O) group of a reducing sugar with the amino group of an amino
acid or other amino compound, producing a Schiff base. The Schiff
base cyclises, in the case of an aldose to produce an N-substituted
aldosylamine, such as glucosylamine from glucose, then undergoes
acid-catalysed rearrangement to an Amadori rearrangement
product (or a related Heynes rearrangement product if the sugar is
a ketose), followed by enolisation, deamination, dehydration and
fragmentation to give rise to sugar dehydration and fragmentation
products. These intermediates include furfurals, furanones and
pyranones. They contain one or more carbonyl groups and are
therefore highly reactive and can undergo further condensation
reactions with amino groups and other species.
TheMaillard reaction is very complex andmore information can
be found in reviews by Halford et al. (2011), Mottram (2007) and
Nursten (2005). While many of its products contribute to the
ﬂavour, colour and aroma of food, some are undesirable (Friedman,
2005). Indeed, as long ago as 1980, it was noted that the nutritional
value of foods decreased after browning and that this must be
caused by the generation of undesirable compounds (Yannai, 1980).
It has since been discovered that one of the reactions of carbonyl
compounds is Strecker degradation, whereby an amino acid is
deaminated and decarboxylated to give an aldehyde and an a-
aminoketone, and that a Strecker-type reaction involving aspara-
gine results in the formation of acrylamide (Mottram et al., 2002;
Stadler et al., 2002; Zyzak et al., 2003). This appears to be the
major route for acrylamide formation, but others have been pro-
posed, for example with 3-aminopropionamide as a possible
transient intermediate (Granvogl and Schieberle, 2006) or through
pyrolysis of gluten (Claus et al., 2006).
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regulatory authorities
Acrylamide (prop-2-enamide) (C3H5NO) (Fig. 1) is a familiar in-
dustrial chemical that is used in its polymerised form in wastewater
treatment, gel electrophoresis, papermaking and fabrics manufac-
ture. It has been shown to be carcinogenic and to have neurological
and reproductive effects at high doses in rodent toxicology studies
(Friedman, 2003; Taeymans et al., 2004). As a result, it has been
classiﬁed as a Group 2A, ‘probably carcinogenic to humans’, chemical
by the International Agency for Research on Cancer (International
Agency for Research on Cancer, 1994). Both acrylamide and its pri-
mary epoxide metabolite, glycidamide, form adducts with haemo-
globin and these can be used as a measure of exposure.
Acrylamide’s use as an industrial chemical means that a toler-
ance level of 1 mg L1 (part per billion) has been set for its presence
in water, a concentration that is at the limit of detectability. It came
as quite a shock for the food industry, therefore, when signiﬁcantly
higher levels were found in common foods. This happened in 2002
when a Swedish team that was investigating acrylamide exposure
resulting from an industrial incident found evidence of exposure in
its control group (Tareke et al., 2002). The cause was found to be
dietary, with acrylamide being discovered in many common, plant-
derived foods, including coffee and potato- and cereal-based
products such as crisps, French fries, bread, cakes, biscuits, break-
fast cereals, crisp-breads, maize snacks and more.
The food industry reacted quickly to the discovery and in the
ensuing eleven years has devised many strategies for reducing
acrylamide formation by modifying food processing (compiled in a
‘Toolbox’ produced by Food Drink Europe (2011)). They include
modiﬁcation of time/temperature conditions during processing,
lowering pH by addition of citric acid, pre-soaking in water, addi-
tion of antioxidants, and addition of divalent cations, such as cal-
cium chloride. The addition of asparaginase to reduce asparagine
concentration prior to cooking has also been successful in some
products (Hendriksen et al., 2009). Nevertheless, the latest report
from the European Food Safety Authority (EFSA) on acrylamide
levels in foods showed that several hundred mg kg1 (parts per
billion) were still present in cereal-based foodstuffs by 2010Fig. 1. Diagrams representing the structures of acrylamide, furan and
hydroxymethylfurfuryl.(Table 1; European Food Safety Authority, 2012) and processors
remain vulnerable to ﬂuctuations in the acrylamide-forming po-
tential of the crop products that make up their raw material.
The concentrations of acrylamide in food are much lower than
those typically used in rodent toxicology studies (Friedman, 2003).
Nevertheless, the Food and Agriculture Organisation of the United
Nations and theWorld Health Organisation (FAO/WHO) Joint Expert
Committee of Food Additives (JECFA) recently concluded that the
margins of exposure (MOE) for acrylamide indicate that its presence
in the human diet is a concern and that epidemiological studies are
required to estimate the risk (Joint FAO/WHO Expert Committee of
Food Additives, 2011) (the MOE is deﬁned by EFSA as the ratio of
the level at which a small but measurable effect is observed to the
estimated exposure dose; it is also sometimes deﬁned as the ratio of
the maximum no-adverse-effect-level to the estimated exposure
dose). To date, however, the results of epidemiological studies have
been inconsistent. A recentmeta-analysis of epidemiological data, for
example, led the authors to conclude that there was no relationship
between dietary acrylamide intake and cancer (Lipworth et al. 2012);
in contrast, a later Danish study did ﬁnd a link between acrylamide
exposure and breast cancer-speciﬁc mortality (Olsen et al. 2012).
Another recent study showeda linkbetweenhaemoglobin adducts of
acrylamide and glycidamide in umbilical cord blood (reﬂecting
exposure in the last months of pregnancy) and low birth weight and
head circumference in babies (Pedersen et al., 2012).
Epidemiology studies can be confounded by extraneous factors,
leading to associations being made between the exposure being
studied and an effect when the effect actually arises from other
differences between the study groups (Hennekens and Buring,
1987). However, the general public are unlikely to be aware of
such considerations. The Pedersen et al. (2012) study attracted
national media coverage in the United Kingdom, and clearly such
ﬁndings have the potential to alarm consumers. It would also be
complacent for anyone in the food supply chain to assume that
regulators will not act in response to such ﬁndings. JECFA has
already recommended that acrylamide levels in food be reduced as
a matter of priority and the European Commission issued ‘indica-
tive’ levels for acrylamide in food in early 2011, then revised them in
2013, with levels for many products being lowered (European
Commission, 2011, 2013) (Table 2). Indicative values are not safety
thresholds, but are intended to indicate the need for an investiga-
tion into why the level has been exceeded. The Commission set the
levels at what it considered the industry should be able to achieve,
based on the results of its acrylamide monitoring programme.
However, it is doubtful whether journalists or consumersTable 1
Results of EFSA monitoring of acrylamide levels in different cereal-based foods in
2010 (European Food Safety Authority, 2012).








Biscuits, crackers, crisp bread etc.
Total 462 129 333 1337 5849
Crackers 64 139 178 491 1062
Wafers 37 225 389 1300 1300
Crispbread 54 110 249 1443 1863
Gingerbread 207 134 415 1635 3191
Other 100 99 289 1061 5849
Bread
Soft Bread 150 18 30 94 425
Breakfast cereals 174 91 138 353 1290
Cereal-based baby food
Total 128 24 51 175 578
Biscuits and rusks 46 57 86 250 470
Other 82 13 31 130 578
Pastries and cakes 81 55 146 793 890
Muesli and porridge 14 56 80 420 420
Table 2
Indicative values set by the European Commission for acrylamide content in cereal-based foods in 2011 (European Commission, 2011), proportion of samples exceeding the
2011 indicative values in surveys by the European Food Safety Authority (European Food Safety Authority, 2012) and revised indicative values issued in 2013 (European
Commission, 2013).
Food Indicative value 2011
(mg kg1 (ppb))
Proportion of samples exceeding
indicative value (%)
Food sub-category deﬁned in 2013 Indicative value 2013
(mg kg1 (ppb))
2007e2009 2010




400 6 3 Bran, wholegrain; gun-puffed 400
Wheat and rye-based 300
Maize, oat, spelt, barley, rice-based 200
Biscuits, crackers, wafers, crisp
bread and similar products




Biscuits and rusks for infants
and young children
250 9 7 200
Other processed cereal-based foods
for infants and young children
100 11 6 50
Table 3
Contribution of cereal products (%) to dietary acrylamide intake for adults (18e64) in
the UK, France, Germany and Sweden (European Food Safety Authority, 2011a).






France 7.6 5.3 25.7 1.3 1.0 40.9
Germany 6.1 4.0 32.0 1.2 2.1 45.4
Sweden 5.0 9.7 11.9 1.5 13.1 41.2
United Kingdom 6.3 2.0 15.0 5.0 3.6 31.9
a Includes ‘soft’ and ‘unspeciﬁed’ bread types.
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threshold and the experience in the United Kingdom is that prod-
ucts that are found to contain acrylamide exceeding the indicative
value (Table 2) attract negative and potentially damaging publicity.
In the USA, the Food and Drug Administration (FDA) has issued
an ‘action plan’ on acrylamide with the goals of developing
screening methods, identifying means to reduce exposure, assess-
ing dietary exposure of American consumers, increasing under-
standing of acrylamide toxicology to enable quantitative risk
assessment, and informing consumers. To date the FDA has stopped
short of issuing advice or restrictions on levels, but in 2005 the
Attorney General of the State of California ﬁled a lawsuit against
four food companies for not putting a Proposition 65 warning label
on their products to make consumers aware that the products
contained acrylamide (the State of California requires that a Prop-
osition 65 warning be included in the labelling of any product that
contains a compound that may cause cancer, birth defects, or
reproductive harm). The lawsuit was settled in 2008 when the
companies committed to cutting the level of acrylamide in their
products to below 275 mg kg1 and paid $3 million in ﬁnes. Note
that, as with Europe’s indicative levels, there is no evidence that the
275 mg kg1 ﬁgure is safe or unsafe; it is simply the ﬁgure that the
two sides agreed should be achievable, after lengthy negotiation.
It is stating the obvious to say that food producers want to avoid
unfavourable headlines, lawsuits and ﬁnes, and cereal breeders and
growers must take the acrylamide issue seriously because using an
alternative raw material, for example by changing to a different
variety or even a different crop in some circumstances, may be a
relatively easy way for food manufacturers to reduce the level of
acrylamide in their products.
Dietary intake of acrylamide for European adults is estimated to
be 0.31e1.07 mg per kg of body weight per day, with the intake for
adolescents and children being even higher (European Food Safety
Authority, 2011a). Cereal foods make a signiﬁcant contribution to
this intake, with dietary preferences between different European
countries affecting the total contribution of cereal products and the
importance of different food categories within the cereal group.
Table 3 shows data on the contribution of different cereal foods to
acrylamide intake in Europe’s three most populous countries:
France, Germany and the United Kingdom. Sweden is also included
because it shows some interesting contrasts with the other coun-
tries. The data were extracted from a dataset compiled by EFSA
(European Food Safety Authority, 2011a).The ﬁgures in Table 3 shatter two myths: the ﬁrst that dietary
acrylamide is a problem principally for the potato and coffee in-
dustries, the second that bread is not a major contributor to dietary
acrylamide because acrylamide levels in bread are signiﬁcantly
lower than in some other foods (Table 1). Cereal products account
for 31.9e45.4% of dietary acrylamide in the four counties shown,
and bread alone for between 11.9 and 32.0%, its relatively low
acrylamide content offset by its high consumption levels. The
popularity of rye crisp-breads in Sweden is reﬂected in the data for
that country, with crisp-breads contributing 9.7% of total dietary
intake, compared with only 2% in the United Kingdom.
Muesli is a signiﬁcant contributor in all countries but particularly
Sweden,where it accounts for 13.1% of total intake.Muesli hasmany
recipes and ingredients but it is traditionally based on uncooked,
rolled oats. However, in some cases the oats are lightly toasted and it
may be in this process that acrylamide is generated. A similar
product, granola, is made by mixing rolled oats with crushed nuts,
honey and rice and toasting them in oil, and this would almost
certainly produce acrylamide. EFSA also often puts porridge in the
same category as muesli, presumably because it too is made from
rolled oats. However, porridge ismadebyboiling rolled oats inwater
or milk, so it would not contain acrylamide unless the oats were
baked or toasted ﬁrst, which is not the traditional recipe.3.3. Free asparagine concentration is the major determinant of
acrylamide-forming potential in wheat and rye
TheMaillard reaction is complex, with amino acids participating
in the initial reaction with reducing sugars and subsequently with
the carbonyl compound intermediates that result from sugar
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reducing sugars, sucrose (which can participate if it ﬁrst undergoes
hydrolysis), free asparagine and other free amino acids (which
potentially can both drive the ﬁrst stages of the reaction, resulting
in more carbonyl intermediates being produced, and compete with
free asparagine for reacting with those intermediates in the later
stages of the reaction) may therefore be difﬁcult to predict in some
food matrices. Potato is an obvious example, with the relationship
between precursor concentration and acrylamide formation even
differing between French fry- and crisping-type varieties (Halford
et al., 2012a). However, the situation in wheat and rye appears to
be more simple, with several studies showing a strong relationship
between free asparagine concentration and acrylamide formation
(Curtis et al., 2009, 2010; Granvogl et al., 2007; Martinek et al.,
2009; Muttucumaru et al., 2006; Postles et al., 2013) (Fig. 2). It
has been suggested that more acrylamide forms per unit of free
asparagine in wheat than in rye (Curtis et al., 2010), but the result
on which this was based now appears to have been affected by the
cooking conditions that were used because a subsequent study did
not draw the same conclusion (Postles et al., 2013) and Fig. 2 shows
the relationships between free asparagine and acrylamide forma-
tion to be very similar in the two ﬂours. Nevertheless, the overall
conclusion to be drawn from these studies is that genetic and
agronomic approaches to reducing free asparagine accumulation in
wheat and rye grain should be pursued to help address the problem
of acrylamide formation in foods (Halford et al., 2012b;
Muttucumaru et al., 2008). To our knowledge, the results of
similar studies on maize, oats or other cereals are not in the public
domain. It is likely that food companies have carried out such
studies but the knowledge has not been shared. We anticipate that
other cereals will be similar to wheat and rye, but this needs to be
shown experimentally.
3.4. Agronomic and genetic approaches to reducing free asparagine
accumulation in cereal grain
There are short-, medium- and long-term approaches to the
reduction of free asparagine levels in cereal grain, which should
lead to a gradual reduction in acrylamide-forming potential if
adopted. These are:
 Identiﬁcation of varieties with low acrylamide-forming
potentialFig. 2. Relationship between free asparagine concentration and acrylamide formation
in wheat and rye ﬂour heated for 20 min at 160 or 180 C (Curtis et al., 2009, 2010;
Muttucumaru et al., 2006; Postles et al., 2013; rye heated at 180 C data unpublished). Identiﬁcation of genotypes with low acrylamide-forming po-
tential that are not currently cultivated but could be adopted for
cultivation or incorporated into breeding programmes
 Identiﬁcation of environmental factors, including crop man-
agement, that affect acrylamide-forming potential
 Development of a comprehensive understanding of asparagine
metabolism and its genetic control, including modelling of the
pathways and interactions that are involved
 Identiﬁcation of key quantitative trait loci (QTL), genes and
markers that plant breeders could use to produce very low
acrylamide varieties
Signiﬁcant effects of both variety and environment have been
demonstrated in wheat and rye. Muttucumaru et al. (2006), for
example, analysed the grain of three wheat varieties grown under
glass: Solstice, Malacca and Claire. When the plants were fully
supplied with nutrients, free asparagine concentration in the grain
ranged from 4.12 mmol kg1 in Claire to 4.54 mmol kg1 in Solstice
and 5.20 mmol kg1 in Malacca, and acrylamide in ﬂour heated to
160 C for 20 min ranged from 679 mg kg1 in Solstice to
934 mg kg1 in Malacca, a difference of 38%. This difference shows
the potential for varietal selection in addressing the acrylamide
problem, but was dwarfed by the effect of sulphur (S) supply, with
free asparagine concentration increasing more than 11-fold in
Claire, 16-fold in Solstice and almost 30-fold in Malacca as a result
of S deﬁciency, with the acrylamide formed in heated Malacca ﬂour
rising to 5198 mg kg1.
The effect of sulphur availability was also shown in ﬁeld-grown
wheat cv. Hereward (Muttucumaru et al., 2006). A ﬁeld trial was
conducted at a site with very poor nutrient retention and grain
from two plots treated with 40 kg S ha1 contained 4.43mmol kg1
and 3.07 mmol kg1 of free asparagine, compared with
7.8 mmol kg1 in grain from plots treated with 10 kg S ha1 and
75.7 and 55.5 mmol kg1 in grain from two plots that did not
receive any S fertiliser. Acrylamide formation in heated ﬂour ranged
from 723 mg kg1 in a 40 kg S ha1 plot to 5286 mg kg1 in one of the
plots that did not receive any S fertiliser, a more than seven-fold
difference (Fig. 3).
Granvogl et al. (2007) and Curtis et al. (2009) also showed the
dramatic effect of sulphur deﬁciency on free asparagine concen-
tration and acrylamide-forming potential in wheat. Granvogl et al.
(2007) used one cultivar, Star, with acrylamide formation in ﬂour
heated at 170 C for 20 min increasing from a very low 94 mg kg1Fig. 3. Effect of sulphur availability on the acrylamide-forming potential of wheat and
rye grain. The graph shows acrylamide formation in ﬂour prepared from the grain of
wheat and rye plants grown with different levels of sulphur application, as indicated,
and heated to 160 C for 20 min. Data from Muttucumaru et al. (2006) and Postles et al.
(2013).
T.Y. Curtis et al. / Journal of Cereal Science 59 (2014) 382e392 387with S feeding to 3124 mg kg1 with S deprivation, a 33-fold dif-
ference. Curtis et al. (2009) used two varieties, Spark and Rialto, and
four doubled haploid lines from a Spark  Rialto mapping popu-
lation. The study showed not only the effect of the treatment
(environment, E), but also the effect of genotype (G) and a strong
G  E interaction. For Rialto and three of the doubled haploid lines,
for example, the free asparagine concentrations in the S-deprived
grain were 12- to 14-fold higher than in the corresponding S-fed
grain. For Spark and the other doubled haploid line, on the other
hand, the difference was much greater, the free asparagine con-
centrations in the S-deprived grain being 23- to 24-fold higher than
in the corresponding S-fed grain. The grain also accumulated free
glutamine in response to sulphur deprivation, although to a lesser
extent than free asparagine, and the total free amino acid pool
became much larger, possibly due in part to a reduction in storage
protein gene expression (Shewry et al., 1983, 2001).
It should be noted that the levels of acrylamide obtained in
these studies reﬂect the potential of the material to form acryl-
amide, not how much would be formed in a particular food prod-
uct. The amount of acrylamide that forms during food production
depends not only on the raw material but also on the processing
methods and the degree of reﬁning: products made from white
ﬂour contain considerably less acrylamide than equivalent prod-
ucts made from wholemeal ﬂour (Claus et al., 2008).
S deﬁciency had been shown to have a similar effect on barley
many years before these studies were published, and long before its
signiﬁcance for food safety was understood (Shewry et al., 1983). At
that time and for the next two decades the interest was in the effect
of S deﬁciency on grain protein content and processing properties
(Shewry et al., 1983, 2001; Zhao et al., 1999). The importance of S
nutrition for grain quality was clear, but S nutrition of cropswas not
seen as a problem because, ironically, it had beneﬁted from an at-
mospheric pollutant, SO2, which was generated predominately
from the burning of fossil fuels. While being environmentally
damaging in other ways, the deposition of S in the form of ‘acid rain’
helped to maintain the S content of soils used for crop production
and masked the effect of switching from ‘old-fashioned’ fertilizers
such as ammonium sulphate and superphosphate (a mixture of
CaSO4$H2O and Ca(H2PO4)2$H2O) to fertilizers based on nitric acid,
which are better sources of nitrogen (N) but contain no sulphur.
However, in the latter part of the 20th Century there was a huge
increase in the use of low sulphur or sulphur-free fuels such as
natural gas, and coal- and oil-burning power stations were ﬁtted
with pre- and post-combustion systems for removing sulphur. At
the same time, higher-yielding crops were denuding soils of min-
erals, including sulphur, more rapidly (Zhao et al., 1999). As a result,
by the end of the 20th Century, increasing areas of land were
beginning to become sulphur deﬁcient, affecting the United
Kingdom, Northern and Western Europe, Australia and New Zea-
land (Blair, 2002; Zhao et al., 1999, 2002).
Even so, Granvogl et al. (2007) argued that S-deﬁcient wheat
grain did not pose a high risk for the consumer because it would not
be suitable for making food products and would be used for other
purposes, such as animal feed. We disagree with this view for two
reasons: ﬁrstly, the huge increase in free asparagine concentration
and acrylamide-forming potential in severely sulphur-deprived
wheat is so great that even a small proportion of sulphur-
deﬁcient grain in a consignment signiﬁcantly increases its
acrylamide-forming potential. This makes the even distribution of S
fertilizer over an entire ﬁeld very important. Secondly, even mod-
erate S deﬁciency causes a signiﬁcant increase in acrylamide-
forming potential, with, for example, more than 30% more acryl-
amide forming in heated ﬂour fromwheat treatedwith 10 kg S ha1
compared with 40 kg S ha1 (Muttucumaru et al., 2006) (Fig. 3).
Sulphur deﬁciency also affects the relative amounts of asparaginein different milling fractions (Shewry et al., 2009): under normal
conditions, most asparagine accumulates in the bran fractions but
under sulphur deﬁciency it also accumulates in the white ﬂour
fractions and therefore affects more products. The Rothamsted
Research recommended level of sulphur for wheat cultivation in
the United Kingdom is 20 kg per hectare (Fangjie Zhao, Rothamsted
Research, personal communication), which is at the high end of the
range recommended by the government’s Department for Envi-
ronment, Food and Rural Affairs (Fertiliser Manual, 2011). The level
of 20 kg per hectare is thought to be necessary for high yielding
wheat and particularly to ensure the protein quality of bread-
making varieties (Zhao et al., 1999). More research is being done
to establish optimum S levels to minimise acrylamide-forming
potential without imposing unnecessary expense on farmers. In
the meantime, farmers are advised to follow this recommendation.
S availability is not the only environment/management factor
that affects free asparagine concentration (reviewed by Lea et al.,
2007). Nitrogen (N) availability, for example, correlates positively
with both the free asparagine and the total free amino acid content,
with the effect being greater if the N is applied late in the season
(Martinek et al., 2009; Winkler and Schön, 1980). Fertilizing with N
will therefore exacerbate the effect of S deﬁciency, and the deﬁ-
ciency of other minerals, such as potassium, phosphorus and
magnesium (Almeida et al., 2000; Nikiforova et al., 2006;
Possingham, 1956; Rabe and Lovatt, 1986; Rufty et al., 1990;
Stewart and Larher, 1980). This suggests that some plants,
including wheat, use free asparagine as an N store (Lea et al., 2007)
when deﬁciencies in other minerals, particularly S, mean that
efﬁcient synthesis of storage proteins is not possible (Shewry et al.,
2001).
Exposure to toxic metals such as cadmium can also cause
accumulation of free asparagine and other amino acids in some
plant species (Costa and Morel, 1994: Costa and Spitz, 1997), as can
other abiotic stresses such as drought and salt stress (Garthwaite
et al., 2005; Good and Zaplachinski, 1994). Free asparagine con-
centration may also increase in response to pathogen attack and
Yellow rust infection has been shown to cause an approximately
50% increase in asparagine synthetase activity in wheat
(Kudiyarova et al., 2013).
Environmental effects on free asparagine accumulation were
evident in the study by Curtis et al. (2009), which included an
analysis of grain from six different varieties grown at six different
locations around the UK in 2006 and 2007. Free asparagine con-
centrations ranged from 0.6 to 4.4 mmol kg1, an almost seven-fold
difference, and signiﬁcant variance arose from location and harvest
year, despite similar agronomic practice being followed at each site.
The environmental conditions that affected free asparagine con-
centrations could not be identiﬁed: Climate may have been a factor
because the summer of 2006 was considerably drier, warmer and
sunnier than that of 2007, particularly during the months of June
and July, but no trends emerged for soil type.
Despite the contribution of environmental factors (E) to the
variance in acrylamide-forming potential described in this study,
signiﬁcant differences were also evident between the varieties,
showing the effect of genotype (G), and there were also signiﬁcant
G  E interactions (Curtis et al., 2009). The best-performing variety
was Einstein, with an average free asparagine concentration over all
locations and both harvest years of 1.89 mmol kg1, compared with
2.59 mmol kg1 for the worst performer, Robigus, a difference of
37%. This again shows the potential of varietal selection in
addressing the acrylamide issue. However, it should be noted that
Robigus had a low free asparagine concentration in some of the
trials, showing the importance of testing varieties with apparently
low acrylamide-forming potential under a range of conditions. It is
also worth pointing out that food companies would have to assert
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order to beneﬁt from varietal selection.
G and G  E effects were also evident in the analysis of
Spark  Rialto doubled haploid lines that was undertaken in the
same study (Curtis et al., 2009). One of the doubled haploid lines
contained a signiﬁcantly lower free asparagine concentration than
either parent, which suggests that there is scope for reducing free
asparagine concentration in wheat and that breeding could play an
important role in mitigating acrylamide risk. It is important that
breeders are encouraged to include low free asparagine concen-
tration as a target in their breeding programmes and are provided
with the knowledge and tools with which to achieve it.
Providing these toolswill require the identiﬁcation of the factors
that control asparagine metabolism and how they interact, and
elucidation of the underlying genetics. The enzyme that synthe-
sises asparagine is asparagine synthetase, which catalyses an ATP-
dependent transfer of ammonia to aspartate, yielding asparagine
(Lea and Fowden, 1975; reviewed by Lea et al., 2007). The reaction
requires magnesium ions and the energy-producing hydrolysis of
ATP. Asparagine synthesis occurs by amidation of aspartate using
either glutamine or ammonium as an amino donor. This means that
glutamine synthetase, glutamate dehydrogenase and aspartate
aminotransferase are also potentially inﬂuential, as is asparaginase,
which converts asparagine to aspartate and ammonia (which is
recycled), and aspartate kinase, which phosphorylates aspartate in
the ﬁrst step in the biosynthesis of methionine, lysine and
threonine.
Asparagine synthetase is difﬁcult to extract in an active form
(Joy et al., 1983; Kudiyarova et al., 2013; Snapp and Vance, 1986)
because plant tissues contain endogenous natural inhibitors
(Rognes, 1980) and relatively high activities of asparaginase and
glutamine synthetase, which break asparagine down or compete
for substrates (Sieciechowicz et al., 1988). Two asparagine
synthetase-encoding genes, TaASN1 and TaASN2, have been iden-
tiﬁed inwheat (Wang et al., 2005), butmay not represent thewhole
gene family because Arabidopsis, for example, contains three
genes, AtASN1-3, that are differentially regulated (Lam et al., 1998).
Clearly, a comprehensive characterisation of the wheat asparagine
synthetase gene family and its regulation would be required before
any genetic intervention could be made. Nevertheless, asparagine
synthetase is an obvious target because of its central role in
asparagine synthesis and the fact that it has already been manip-
ulated successfully to reduce acrylamide-forming potential in GM
potatoes (Chawla et al., 2012; Rommens et al., 2008). Genetic
intervention to change the activity of asparagine synthetase or
other enzymes that affect the relationship between glutamine and
asparagine also has the potential to produce varieties that accu-
mulate glutamine instead of asparagine under stress conditions
such as sulphur deprivation. The predominant product of the
Maillard reaction from glutamine is 2-pyrrolidinone, which is not
considered toxic (Stadler et al., 2003). Reducing acrylamide for-
mation by altering the ratio of free asparagine to other amino acids,
such as glutamine, rather than reducing the total free amino acid
pool, is also attractive because it is likely to have less impact on
ﬂavour and colour formation during cooking and processing
(Elmore et al., 2008).
As well as directly manipulating asparagine synthetase gene
expression, it may be possible to interfere with its regulation, for
example in its response to S deprivation. One possible candidate for
involvement in the signalling pathway that is responsible is a
regulatory protein kinase related to general control non-
derepressible-2 (GCN2) of yeast (Saccharomyces cerevisiae). In
yeast, GCN2 is activated in response to low free amino acid levels
and acts to restore amino acid homeostasis by reducing protein
production while increasing amino acid biosynthesis. GCN2homologues have been described in Arabidopsis (Lageix et al.,
2008; Zhang et al., 2003, 2008) and wheat (Byrne et al., 2012)
and are present in every plant species for which genome data is
available (Halford, 2006). In transgenic wheat plants constitutively
over-expressing the wheat homologue, TaGCN2, asparagine syn-
thetase gene expression is dramatically reduced and no longer
inducible by sulphur deprivation, whereas it is highly responsive to
sulphur deprivation in wild-type wheat (Byrne et al., 2012).
Asparagine synthetase gene expression in Arabidopsis is also
inﬂuenced by another regulatory protein kinase, SnRK1 (reviewed
by Hey et al., 2010), which controls the response of an asparagine
synthetase gene, ASN1, to light and sugars (Baena-Gonzalez et al.,
2007), possibly through transcription factor bZIP11 (reviewed by
Hummel et al., 2009).
An alternative genetic approach would be to identify quantita-
tive trait loci (QTL) that contribute to variance in grain asparagine
concentration. The fact that a doubled haploid line from a cross
between cultivars Spark  Rialto was shown to have a lower free
asparagine concentration in the grain than either parent is
encouraging (Curtis et al., 2009) and analysis of the whole popu-
lation from that cross may enable the identiﬁcation of useful QTL.
Analyses of additional doubled haploid populations from other
crosses may then be used to conﬁrm and narrow these QTL and
identify additional ones. This approach holds much promise but the
identiﬁcation and testing of robust QTL that could be provided to
plant breeders with conﬁdence is still some years away.
The factors that determine acrylamide-forming potential in rye
have also been investigated (Curtis et al., 2010; Postles et al., 2013).
The results of these studies indicated signiﬁcant genetic (G) and
environmental (E) effects and G  E interactions in the determi-
nation of acrylamide precursor levels in rye, as in wheat, but also
revealed surprising and important differences between the two
closely-related cereals.
The major limiting factor in acrylamide formation in rye ﬂour is
free asparagine (Fig. 2), and free asparagine concentration in rye
grain is under genetic as well as environmental control, just as in
wheat (Curtis et al., 2010; Postles et al., 2013). Curtis et al. (2010)
measured free asparagine concentrations in the grain of old and
new rye varieties grown for the EU FP6 HEALTHGRAIN diversity
programme (Ward et al., 2008). The grain was produced at loca-
tions in Hungary, France, Poland and the United Kingdom and
harvested in 2005, 2006 and 2007, with both country of origin and
year of harvest having signiﬁcant effects on free asparagine con-
centration. There was also a statistically signiﬁcant three-way
interaction between country of origin, year of harvest and variety
(G  E). The contribution of G to the overall variance in free
asparagine concentration suggested that the trait may be amenable
to improvement by breeding.
The study showed that total free asparagine in the grain was
related to bran yield, the concentration being higher in grain giving
a higher proportion of bran on milling. It also enabled old and new
varieties of rye to be compared, with varieties currently being used
for commercial production generally having lower levels of free
amino acids, particularly asparagine and proline, than older vari-
eties. It is not clear why this should be because free amino acid
concentration has not been a target for selection in rye breeding
programmes up to now.
This study was not designed to assess the effect of different
fertilization regimes on acrylamide-forming potential. However,
this was the objective in a subsequent analysis of ﬁve current
commercial varieties of rye grown in the same location in the
United Kingdom at the same time, with nine different combina-
tions of S and N application (Postles et al., 2013). High levels of N
application (200 kg ha1) signiﬁcantly increased free asparagine
and total free amino acid concentration and acrylamide formation
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cation in two of the varieties, but there was no direct effect of S, in
stark contrast with wheat (Fig. 3). Rye may be better able to scav-
enge available S from the soil than wheat (Bushuk, 2001), but may
also respond differently to S deﬁciency: it appeared to accumulate
less N in the grain when it had insufﬁcient S available, rather than
use free asparagine as an alternative N store (Postles et al., 2013).
3.5. Summary on strategies to keep acrylamide-forming potential
as low as reasonably achievable in wheat and rye
Work continues on improving our understanding of the factors
that affect acrylamide-forming potential inwheat and rye grain, but
some advice can already be given to farmers, breeders and food
processors with some conﬁdence:
 There are signiﬁcant differences between varieties (genotypes)
of both wheat and rye with respect to acrylamide-forming po-
tential. Selecting low acrylamide varieties for the production of
foods inwhich acrylamide is likely to formwould be a beneﬁcial
and relatively straight-forward step in reducing acrylamide
levels in cereal-based foods.
 The limiting factor for acrylamide-forming potential in wheat
and rye is free asparagine concentration. This is the parameter
on which varietal selection should be based and a trait that
should be incorporated into breeding programmes if it is not
already.
 Environmental factors (E) have signiﬁcant effects on free
asparagine accumulation in both wheat and rye, on their own
and in combination with varietal differences (G  E). It is
important that varieties are tested in a range of conditions
before being categorised as low in acrylamide-forming
potential.
 Sulphur (S) deﬁciency causes a massive accumulation of free
asparagine in wheat grain and farmers should be encouraged to
ensure that sulphur deﬁciency is avoided. The Rothamsted
Research recommendation for S application is 20 kg S ha1 and
this should be followed while more research is being under-
taken to establish the optimum level for keeping acrylamide-
forming potential as low as reasonably achievable. The even
distribution of S fertilizer over a ﬁeld right up to the margins is
important.
 S deﬁciency does not appear to affect free asparagine concen-
tration and acrylamide-formation potential in rye, at least under
ﬁeld conditions, so decisions on S fertilization of rye can be
made without consideration of the acrylamide issue.
 Nitrogen (N) fertilization increases free asparagine and total free
amino acid concentration in both wheat and rye, causing a
concomitant increase in acrylamide-forming potential. N fer-
tilizer is required to maintain the yield and quality of the crop,
but excessive application should be avoided. Ensuring that other
minerals are available to the crop may mitigate the effect of
excessive N.
Some or all of these points may apply to other cereals. Barley,
for example, certainly accumulates free asparagine in response to
S deﬁciency just as wheat does (Shewry et al., 1983). However,
relatively little work has been done on maize or rice. This is
perhaps particularly surprising for maize given the popularity of
tortillas, fried tortilla chips and other maize-based snacks that
contain acrylamide. Harrigan et al. (2007) did measure the con-
centration of free asparagine and other metabolites in different
maize varieties grown at different locations but did not discuss the
implications of the results for acrylamide formation in fried and
baked products.4. Furan and related contaminants
Furan is a heterocyclic compound consisting of a ﬁve-membered
aromatic ring comprising four carbon atoms and one oxygen
(Fig. 1), and more complex compounds containing such rings are
also referred to as furans. Furan causes liver cancer in rodents
(Leopardi et al., 2010) and is classed by the International Agency for
Research on Cancer as ‘possibly carcinogenic’ to humans (Group 2B)
(International Agency for Research on Cancer, 1995). As with
acrylamide, the actual risk posed by the presence of very low levels
of furan in food is not known, but the low margin of exposure in-
dicates a cause for concern and makes it sensible for dietary intake
to be reduced if possible (Bakhiya and Appel, 2010; Moro et al.,
2012).
Furan forms through several pathways (Crews and Castle, 2007;
Moro et al., 2012; Perez Locas and Yaylayan, 2004), one of which is
the thermal degradation of polyunsaturated fatty acids (PUFAs). As
described in Section 2, PUFAs are prone to oxidation during cooking
and high-temperature processing, giving rise to lipid peroxides.
One of these, 4-hydroxy-2-butenal, can form furan through cycli-
zation and dehydration (Moro et al., 2012). Another route is within
the Maillard reaction, whereby the thermal degradation of free
amino acids in the presence of reducing sugars gives rise to gly-
colaldehyde and acetaldehyde. These intermediates undergo aldol
addition to 2-deoxyaldotetrose, which further reacts to form furan.
Furans can also form directly from sugar breakdown, via the in-
termediates, 1-deoxyosone and 3-deoxyosone, and aldotetrose and
its derivatives, 2-deoxyaldotetrose, and 2-deoxy-3-ketoaldotetrose.
Degradation of ascorbic acid and dehydroascorbic acid also gives
rise to furan via aldotetrose and its derivatives.
There has been most concern over the levels of furan in coffee,
with a recent EFSA survey ﬁnding particularly high levels (mean
158 mg kg1) in Espresso-type coffees (European Food Safety
Authority, 2011b). In the same survey, the mean furan content of
cereal-based baby foods and other cereal products was 23e
25 mg kg1 and 15e18 mg kg1, respectively. Cereal-based baby
foods contribute 3% of the dietary furan intake in infants and 12% in
toddlers, while other cereal products contribute 7.7% of the dietary
intake of older children and 10% of the intake of adolescents
(European Food Safety Authority, 2011b). In adults, dietary intake
from cereal products becomes less important because it is dwarfed
by that from coffee.
As with acrylamide, furan formation can be reduced by modi-
fying food processing conditions, such as temperature, time,
phosphate concentration and pH (Fan et al., 2008). Ferric ions have
been shown to increase its formation from linoleic acid, while
addition of reducing agents decreases its formation from ascorbic
acid (Mark et al., 2006). As far as we are aware, no attempt has been
made to compare the furan-forming potential of different crop
varieties, or to devise strategies for reducing it through breeding.
Given that one route for its formation is through the Maillard re-
action it is likely that low reducing sugar and free amino acid
concentrations in the raw material would be desirable. Efforts to
improve the heat stability of plant oils by reducing the proportion
of unsaturated fatty acids may also reduce the potential for furan
formation. However, the other main precursor is ascorbic acid,
which is, of course, Vitamin C, an essential part of the human diet.
5. Hydroxymethylfurfuryl
One of the compounds containing a furan ring that has attracted
some attention in cereal products is hydroxymethylfurfuryl (HMF)
(Ramírez-Jiménez et al., 2000), which consists of a furan ring with
both aldehyde and alcohol functional groups (Fig. 1). HMF arises via
the dehydration of fructose (Román-Leshkov et al., 2006). It is a
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sometimes used as an indicator of excessive heat treatment in
biscuit manufacture, partly because products containing high levels
of HMF may also contain a lot of acrylamide. In humans, HMF is
metabolised to 5-hydroxymethyl-2-furoic acid (HMFA), which is
excreted in urine, and 5-sulfoxymethylfurfural (SMF). SMF can form
adducts with DNA or proteins and rodent toxicology studies have
indicated potential toxicity and carcinogenicity (Husøy et al., 2008).
6. Conclusions
Foods, and in particular cooked and processed foods, are com-
plexmixtures of compounds and it is a fact of life that some of those
compounds may have the potential to be harmful to health. The
technology for identifying the individual constituents of foods has
developed rapidly over the last decade or so, as has its accessibility
to mainstream laboratories, and this trend looks set to continue for
the foreseeable future. Foods are therefore coming under closer and
closer scrutiny, and it is almost inevitable that more compounds
will be identiﬁed that are undesirable but present in only tiny
quantities. Assessing the risk that tiny amounts of such compounds
in the diet represent is unlikely to be any easier than it has been for
acrylamide and furan. It is also a difﬁcult issue for the food industry
in terms of public perception. These contaminants must have been
present in our diet since humans ﬁrst started cooking food to make
it more palatable, and the pressure to take action over them has
therefore arisen from new knowledge, not new risk. Nevertheless,
many consumers expect their food to be absolutely risk-free,
however unrealistic that might be, and are generally unimpressed
by risk/beneﬁt arguments. At the same time, they also demand
foods with the colours, ﬂavours and aromas that form through
similar pathways to acrylamide and furan.
In the case of cereals, the problem is made evenmore difﬁcult by
the fact that any possible risk must be balanced against the
established nutritional and health beneﬁts of eating cereal- and
particularly wholegrain cereal-derived foods, and the important
contribution made to our diet by the products that are affected.
Cereal products are a valuable source of energy in the form of
complex carbohydrate. Wholegrain wheat products are a rich
source of ﬁbre, protein, B vitamins, iron, calcium, phosphoric acid,
zinc, potassium and magnesium (Shewry et al., 2009), while rye is
also rich in ﬁbre, notably arabinoxylan and b-glucan, as well as
beneﬁcial phytochemicals such as folate, phenolic acids, alkylre-
sorcinols (phenolic lipids) and sterols (Nyström et al., 2008). It is
important that the beneﬁts of these foods are retained and that
consumers are not put off eating wholegrain cereals.
Despite these considerations, regulatory bodies around the
world have been gradually increasing the pressure on the food
industry to reduce the levels of processing contaminants in foods.
As discussed in Section 2, for example, the US government intro-
duced legislation requiring information on trans fat content of food
products to be included in the Nutrition Facts panel of food labels in
2008, while the European Commission issued indicative levels for
acrylamide content in food in 2011 and lowered them for many
products in 2013 (Section 3). As a result, the problem of processing
contaminants is now one of the most difﬁcult facing the food in-
dustry, and cereal breeders and producers need to be aware of this
and take action. Indeed, it is our view that those that are failing to
do so are out of touch with some of their major end-users.
Acknowledgements
JP was funded by the United Kingdom’s Biotechnology and
Biological Sciences Research Council (BBSRC) through a CASE stu-
dentship supported by the Jordans-Ryvita Company. TYC wasfunded through BBSRC stand-alone LINK project ‘Genetic
improvement of wheat to reduce the potential for acrylamide for-
mation during processing’. NGH was supported by the BBSRC
through the 20:20 Wheat Programme at Rothamsted Research.
References
Almeida, J.P.F., Hartwig, U.A., Frehner, M., Nösberger, J., Lüscher, A., 2000. Evidence
that P deﬁciency induces N feedback regulation of symbiotic nitrogen ﬁxation
in white clover (Trifolium repensL.). J. Exp. Bot. 51, 1289e1297.
Baena-González, E., Rolland, F., Thevelein, J.M., Sheen, J., 2007. A central integrator
of transcription networks in plant stress and energy signalling. Nature 448,
938e942.
Bakhiya, N., Appel, K.E., 2010. Toxicity and carcinogenicity of furan in human diet.
Arch. Toxicol. 84, 563e578.
Bassett, C.M.C., Edel, A.L., Patenaude, A.F., McCullough, R.S., Blackwood, D.P.,
Chouinard, P.Y., Paquin, P., Lamarche, B., Pierce, G.N., 2010. Dietary vaccenic acid
has antiatherogenic effects in LDLre/e mice. J. Nutr. 140, 18e24.
Blair, G.J., 2002. Sulphur fertilisers: a global perspective. In: IFS Proceeding No. 498.
The International Fertiliser Society, York.
Brouwer, A., Wanders, A.J., Katan, M.B., 2010. Effect of animal and industrial trans
fatty acids on HDL and LDL cholesterol levels in humans e a quantitative re-
view. PLoS One 5, e9434.
Bushuk, W., 2001. Physiology of rye. In: Bushuk, W. (Ed.), Rye: Production, Chem-
istry, and Technology. American Association of Cereal Chemists, St. Paul, Minn,
pp. 53e68.
Byrne, E.H., Prosser, I., Muttucumaru, N., Curtis, T.Y., Wingler, A., Powers, S.,
Halford, N.G., 2012. Overexpression of GCN2-type protein kinase in wheat has
profound effects on free amino acid concentration and gene expression. Plant
Biotechnol. J. 10, 328e340.
Cahoon, E.B., 2003. Genetic enhancement of soybean oil for industrial uses: pros-
pects and challenges. AgBioForum 6, 11e13.
Chawla, R., Shakya, R., Rommens, C.M., 2012. Tuber-speciﬁc silencing of asparagine
synthetase-1 reduces the acrylamide-forming potential of potatoes grown in
the ﬁeld without affecting tuber shape and yield. Plant Biotech. J. 10, 913e924.
Claus, A., Weisz, G.M., Schieber, A., Carle, R., 2006. Pyrolytic acrylamide formation
from puriﬁed wheat gluten and gluten-supplemented wheat bread rolls. Mol.
Nut. Food Res. 50, 87e93.
Claus, A., Carle, R., Schieber, A., 2008. Acrylamide in cereal products: a review.
J. Cereal Sci. 47, 118e133.
Costa, G., Morel, J.L., 1994. Water relations, gas exchange and amino acid content in
Cd-treated lettuce. Plant Physiol. Biochem. 32, 561e570.
Costa, G., Spitz, R., 1997. Inﬂuence of cadmium on soluble carbohydrates, free amino
acids, protein content of in vitro cultured Lupinus albus. Plant Sci. 128, 131e140.
Crews, C., Castle, L., 2007. A review of the occurrence, formation and analysis of
furan in heat-processed foods. Trends Food Sci. Technol. 18, 365e372.
Curtis, T.Y., Muttucumaru, N., Shewry, P.R., Parry, M.A.J., Powers, S.J., Elmore, J.S.,
Mottram, D.S., Hook, S., Halford, N.G., 2009. Effects of genotype and environ-
ment on free amino acid levels in wheat grain: Implications for acrylamide
formation during processing. J Agric Food Chem 57, 1013e1021.
Curtis, T.Y., Powers, S.J., Balagiannis, D., Elmore, J.S., Mottram, D.S., Parry, M.A.J.,
Rakszegi, M., Bedo, Z., Shewry, P.R., Halford, N.G., 2010. Free amino acids and
sugars in rye Grain: Implications for acrylamide formation. J Agric Food Chem
58, 1959e1969.
De Vleeschouwer, K., Van der Plancken, I., Van Loey, A., Hendrickx, M.E., 2009. Role
of precursors on the kinetics of acrylamide formation and elimination under
low moisture conditions using a multiresponse approach e Part I: effect of the
type of sugar. Food Chem. 114, 116e126.
Elmore, J.S., Parker, J.K., Halford, N.G., Muttucumaru, N., Mottram, D.S., 2008. Effects
of plant sulfur nutrition on acrylamide and aroma compounds in cooked wheat.
J. Agric. Food Chem. 56, 6173e6179.
European Commission, 2011. Commission Recommendation of 10 January 2011 on
Investigations into the Levels of Acrylamide in Food. European Commission,
Brussels.
European Commission, 2013. Commission Recommendation of 8 November 2013
on Investigations into the Levels of Acrylamide in Food. European Commission,
Brussels.
European Food Safety Authority, 2011a. Results on acrylamide levels in food from
monitoring years 2007e2009 and exposure assessment. EFSA J. 9, 2133.
European Food Safety Authority, 2011b. Update on furan levels in food from
monitoring years 2004e2010 and exposure assessment. EFSA J. 9, 2347.
European Food Safety Authority, 2012. Update on acrylamide levels in food from
monitoring years 2007e2010. EFSA J. 10, 2938.
Fan, X., Huang, L., Sokorai, K.J., 2008. Factors affecting thermally-induced furan
formation. J. Agric. Food Chem. 56, 9490e9494.
Fertiliser Manual, 2011. Fertiliser Manual (RB209), eighth ed. with 2011 errata www.
defra.gov.uk.
Food Drink Europe, 2011. Acrylamide Toolbox 2011. Food Drink Europe, Brussels.
Friedman, M., 2003. Chemistry, biochemistry and safety of acrylamide. A review.
J. Agric. Food Chem. 51, 4504e4526.
Friedman, M., 2005. Biological effects of Maillard browning products that may affect
acrylamide safety. In: Mottram, D.S., Friedman, M. (Eds.), Chemistry and Safety
of Acrylamide in Food. Springer, New York, pp. 135e156.
T.Y. Curtis et al. / Journal of Cereal Science 59 (2014) 382e392 391Garthwaite, A.J., von Bothmer, R., Colmer, T.D., 2005. Salt tolerance in wild Hordeum
species is associated with restricted entry of Naþ and Cl into the shoots. J. Exp.
Bot. 56, 2365e2378.
Good, A.G., Zaplachinski, S.T., 1994. The effects of drought stress on free amino acid
accumulation and protein synthesis in Brassica napus. Physiol. Plant 90, 9e14.
Granvogl, M., Schieberle, P., 2006. Thermally generated 3-aminopropionamide as a
transient intermediate in the formation of acrylamide. J. Agric. Food Chem. 54,
5933e5938.
Granvogl, M., Wieser, H., Koehler, P., Von Tucher, S., Schieberle, P., 2007. Inﬂuence of
sulfur fertilization on the amounts of free amino acids in wheat. Correlation
with baking properties as well as with 3-aminopropionamide and acrylamide
generation during baking. J. Agric. Food Chem. 55, 4271e4277.
Halford, N.G., 2006. Regulation of carbon and amino acid metabolism: roles of
sucrose nonfermenting-1-related protein kinase-1 and general control non-
derepressible-2-related protein kinase. Adv. Bot. Res. Incorp. Adv. Plant Pathol.
43, 93e142.
Halford, N.G., Curtis, T.Y., Muttucumaru, N., Postles, J., Mottram, D.S., 2011. Sugars in
crop plants. Ann. Appl. Biol. 158, 1e25.
Halford, N.G., Muttucumaru, N., Powers, S.J., Gillatt, P.N., Hartley, L., Elmore, J.S.,
Mottram, D.S., 2012a. Concentrations of free amino acids and sugars in nine
potato varieties: effects of storage and relationship with acrylamide formation.
J. Agric. Food Chem. 60, 12044e12055.
Halford, N.G., Curtis, T.Y., Muttucumaru, N., Postles, J., Elmore, J.S., Mottram, D.S.,
2012b. The acrylamide problem: a plant and agronomic science issue. J. Exp.
Bot. 63, 2841e2851.
Harrigan, G.G., Stork, L.G., Riordan, S.G., Reynolds, T.L., Ridley, W.P., Masucci, J.D.,
MacIsaac, S., Halls, S.C., Orth, R., Smith, R.G., Wen, L., Brown, W.E., Welsch, M.,
Riley, R., McFarland, D., Pandravada, A., Glenn, K.C., 2007. Impact of genetics and
environment on nutritional and metabolite components of maize grain. J. Agric.
Food Chem. 55, 6177e6185.
Hendriksen, H.V., Kornbrust, B.A., Østergaard, P.R., Stringer, M.A., 2009. Evaluating
the potential for enzymatic acrylamide mitigation in a range of food products
using an asparaginase from Aspergillus oryzae. J. Agric. Food Chem. 57, 4168e
4176.
Hennekens, C.H., Buring, J.E., 1987. Epidemiology in Medicine. Lippincott Williams
and Wilkins, Philadelphia.
Hey, S.J., Byrne, E., Halford, N.G., 2010. The interface between metabolic and stress
signalling. Ann. Bot. 105, 197e203.
Hummel, M., Rahmani, F., Smeekens, S., Hanson, J., 2009. Sucrose-mediated trans-
lational control. Annal. Bot. 104, 1e7.
Husøy, T., Haugen, M., Murkovic, M., Jöbstl, D., Stølen, L.H., Bjellaas, T.,
Rønningborg, C., Glatt, H., Alexander, J., 2008. Dietary exposure to 5-
hydroxymethylfurfural from Norwegian food and correlations with urine me-
tabolites of short-term exposure. Food Chem. Toxicol. 46, 3697e3702.
International Agency for Research on Cancer, 1994. IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans. In: Some Industrial Chemicals, vol.
60. International Agency for Research on Cancer (IARC), Lyon.
International Agency for Research on Cancer, 1995. IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans. In: Dry-cleaning, Some Chlori-
nated Solvents and Other Industrial Chemicals, vol. 63. International Agency for
Research on Cancer (IARC), Lyon.
Joint FAO/WHO Expert Committee on Food Additives (JECFA), 2011. Safety Evalua-
tion of Certain Contaminants in Food. WHO Food Additives Series: 63; FAO
JECFA Monographs 8. World Health Organization/Food and Agriculture Orga-
nization of the United Nations, Geneva/Rome.
Joy, K.W., Ireland, R.J., Lea, P.J., 1983. Asparagine synthesis in pea leaves, and the
occurrence of an asparagine synthetase inhibitor. Plant Physiol. 73, 165e168.
Kinney, A.J., 1997. Genetic engineering of oilseeds for desired traits. In: Setlow, J.K.
(Ed.), Genetic Engineering, vol. 19Plenum Press, New York, pp. 149e166.
Kudiyarova, Zh.S., Muttucumaru, N., West, J.S., Halford, N.G., 2013. Activity of en-
zymes associated with asparagine synthesis and breakdown in wheat under
biotic and abiotic stress conditions. Aspects of Appl. Biol. 116, 119e124.
Lageix, S., Lanet, E., Pouch-Pelissier, M.N., Espagnol, M.C., Robaglia, C., Deragon, J.M.,
Pelissier, T., 2008. Arabidopsis eIF2a kinase GCN2 is essential for growth in
stress conditions and is activated by wounding. BMC Plant Biol. 8, 134e142.
Lam, H.M., Hsieh, M.H., Coruzzi, G., 1998. Reciprocal regulation of distinct aspara-
gine synthetase genes by light and metabolites in Arabidopsis thaliaPlant Jna.
Plant J. 16, 345e353.
Lea, P.J., Fowden, L., 1975. The puriﬁcation and properties of glutamine-dependent
asparagine synthetase isolated from Lupinus albus. Proc. Royal Soc. London
Series B 192, 13e26.
Lea, P.J., Sodek, L., Parry, M.A., Shewry, P.R., Halford, N.G., 2007. Asparagine in plants.
Ann. Appl. Biol. 150, 1e26.
Leopardi, P., Cordelli, E., Villani, P., Cremona, T.P., Conti, L., De Luca, G., Crebelli, R.,
2010. Assessment of in vivo genotoxicity of the rodent carcinogen furan: eval-
uation of DNA damage and induction of micronuclei in mouse splenocytes.
Mutagenesis 25, 57e62.
Lipworth, L., Sonderman, J.S., Tarone, R.E., McLaughlin, J.K., 2012. Review of
epidemiologic studies of dietary acrylamide intake and the risk of cancer. Eur. J.
Cancer Prev. 21, 375e386.
Maillard, L.C., 1912. Action des acides aminés sur les sucres: formation des méla-
noïdines par voie méthodique. Compte-rendu de l’Acad. Sci. 154, 66e68.
Märk, J., Pollien, P., Lindinger, C., Blank, I., Märk, T., 2006. Quantitation of furan and
methylfuran formed in different precursor systems by proton transfer reaction
mass spectrometry. J. Agric. Food Chem. 54, 2786e2793.Martinek, P., Klem, K., Vanova, M., Bartackova, V., Vecerkova, L., Bucher, P.,
Hajslova, J., 2009. Effects of nitrogen nutrition, fungicide treatment and wheat
genotype on free asparagine and reducing sugars content as precursors of
acrylamide formation in bread. Plant Soil Environ. 55, 187e195.
Moro, S., Chipman, J.K., Wegener, J.-W., Hamberger, C., Dekant, W., Mally, A., 2012.
Furan in heat-treated foods: formation, exposure, toxicity, and aspects of risk
assessment. Mol. Nut. Food Res. 56, 1197e1211.
Mottram, D.S., Wedzicha, B.L., Dodson, A.T., 2002. Acrylamide is formed in the
Maillard reaction. Nature 419, 448e449.
Mottram, D.S., 2007. The Maillard reaction: source of ﬂavor in thermally processed
foods. In: Berger, R.G. (Ed.), Flavors and Fragrances: Chemistry, Bioprocessing
and Sustainability. Springer-Verlag, Berlin, pp. 269e284.
Mounts, T.L., Warner, K., List, G.R., Neff, W.E., Wilson, R.F., 1994. Low-linolenic acid
soybean oils e alternatives to frying oils. J. Am. Oil Chem. Soc. 71, 495e499.
Muttucumaru, N., Halford, N.G., Elmore, J.S., Dodson, A.T., Parry, M., Shewry, P.R.,
Mottram, D.S., 2006. Formation of high levels of acrylamide during the pro-
cessing of ﬂour derived from sulfate-deprived wheat. J. Agric. Food Chem. 54,
8951e8955.
Muttucumaru, N., Elmore, J.S., Curtis, T., Mottram, D.S., Parry, M.A.J., Halford, N.G.,
2008. Reducing acrylamide precursors in raw materials derived fromwheat and
potato. J. Agric. Food Chem. 56, 6167e6172.
Nikiforova, V.J., Bielecka, M., Gakiere, B., Krueger, S., Rinder, J., Kempa, S.,
Morcuende, R., Scheible, W.R., Hesse, H., Hoefgen, R., 2006. Effect of sulfur
availability on the integrity of amino acid biosynthesis in plants. Amino Acids
30, 173e183.
Nursten, H.E., 2005. The Maillard Reaction. Royal Society of Chemistry, Cambridge.
Nyström, L., Lampi, A.M., Andersson, A.A.M., Kamal-Eldin, A., Gebruers, K.,
Courtin, C.M., Delcour, J.A., Li, L., Ward, J.L., Fras, A., Boros, D., Rakszegi, M.,
Bed}o, Z., Shewry, P.R., Piironen, V., 2008. Phytochemicals and dietary ﬁber
components in rye varieties in the HEALTHGRAIN diversity screen. J. Agric. Food
Chem. 56, 9758e9766.
Olsen, A., Christensen, J., Outzen, M., Olesen, P.T., Frandsen, H., Overvad, K.,
Halkjær, J., 2012. Pre-diagnostic acrylamide exposure and survival after breast
cancer among postmenopausal Danish women. Toxicology 296, 67e72.
Pedersen, M., von Stedingk, H., Botsivali, M., Agramunt, S., Alexander, J.,
Brunborg, G., Chatzi, L., Fleming, S., Fthenou, E., Granum, B., Gutzkow, K.B.,
Hardie, L.J., Knudsen, L.E., Kyrtopoulos, S.A., Mendez, M.A., Merlo, D.F.,
Nielsen, J.K., Rydberg, P., Segerbäck, D., Sunyer, J., Wright, J., Törnqvist, M.,
Kleinjans, J.C., Kogevinas, M., the NewGeneris Consortium, 2012. Birth weight,
head circumference, and prenatal exposure to acrylamide from maternal diet:
the European prospective mother-child study (NewGeneris). Environ. Health
Persp. 120, 1739e1745.
Perez Locas, C., Yaylayan, V.A., 2004. Origin and mechanistic pathways of formation
of the parent furan e a food toxicant. J. Agric. Food Chem. 52, 6830e6836.
Possingham, J.V., 1956. The effect of mineral nutrition on the content of free amino
acids and amides in tomato plants. I. A comparison of the effects of deﬁciencies
of copper, zinc, manganese, iron and molybdenum. Aust. J. Biol. Sci. 9, 539e551.
Postles, J., Powers, S., Elmore, J.S., Mottram, D.S., Halford, N.G., 2013. Effects of va-
riety and nutrient availability on the acrylamide forming potential of rye grain.
J. Cereal Sci. 57, 463e470.
Rabe, E., Lovatt, C.J., 1986. Increased arginine biosynthesis during phosphorus
deﬁciency. Plant Physiol. 81, 774e779.
Ramírez-Jiménez, A., García-Villanova, B., Guerra-Hernández, E., 2000. Hydrox-
ymethylfurfural and methylfurfural content of selected bakery products. Food
Res. Int. 33, 833e838.
Rognes, S.E., 1980. Anion regulation of lupine asparagine synthetase: chloride
activation of the glutamine-utilizing reactions. Phytochemistry 19, 2287e2293.
Román-Leshkov, Y., Chheda, J.N., Dumesic, J.A., 2006. Phase modiﬁers promote
efﬁcient production of hydroxymethylfurfural from Fructose. Science 312,
1933e1937.
Rommens, C.M., Yan, H., Swords, K., Richael, C., Ye, J., 2008. Low-acrylamide French
fries and potato chips. Plant Biotech. J. 6, 843e853.
Rufty, T.W., MacKown, C.T., Israel, D.W., 1990. Phosphorus stress effects on the
assimilation of nitrate. Plant Physiol. 94, 328e333.
Shewry, P.R., Franklin, J., Parmar, S., Smith, S.J., Miﬂin, B.J., 1983. The effects of
sulphur starvation on the amino acid and protein compositions of barley grain.
J. Cereal Sci. 1, 21e31.
Shewry, P.R., Tatham, A.S., Halford, N.G., 2001. Nutritional control of storage protein
synthesis in developing grain of wheat and barley. Plant Growth Regul. 34, 105e
111.
Shewry, P.R., Zhao, F.-J., Gowa, G.B., Hawkins, N.D., Ward, J.L., Beale, M.H.,
Halford, N.G., Parry, M.A.J., Abécassis, J., 2009. Sulphur nutrition differentially
affects the distribution of asparagine in wheat grain. J. Cereal Sci. 50, 407e409.
Sieciechowicz, K.A., Joy, K.W., Ireland, R.J., 1988. The metabolism of asparagine in
plants. Phytochemistry 27, 663e671.
Snapp, S.S., Vance, C.P., 1986. Asparagine biosynthesis in alfalfa (Medicago sativa L.)
root nodules. Plant Physiol. 82, 390e395.
Stadler, R.H., Blank, I., Varga, N., Robert, F., Hau, J., Guy, P.A., Robert, M.C., Riediker, S.,
2002. Acrylamide from Maillard reaction products. Nature 419, 449e450.
Stadler, R.H., Verzegnassi, L., Varga, N., Grogorov, M., Studer, A., Riediker, S.,
Schilter, B., 2003. Formation of vinylogous compounds in model Maillard re-
action systems. Chem. Res. Toxicol. 16, 1242e1250.
Stewart, G.R., Larher, F., 1980. Accumulation of amino acids and related compounds
in relation to environmental stress. In: Miﬂin, B.J. (Ed.), The Biochemistry of
Plants, vol. 5Academic Press, London, pp. 609e635.
T.Y. Curtis et al. / Journal of Cereal Science 59 (2014) 382e392392Taeymans, D., Wood, J., Ashby, P., Blank, I., Studer, A., Stadler, R.H., Gonde, P., Van
Eijck, P., Lalljie, S., Lingnert, H., Lindblom, M., Matissek, R., Muller, D.,
Tallmadge, D., O’Brien, J., Thompson, S., Silvani, D., Whitmore, T., 2004. A review
of acrylamide: an industry perspective on research, analysis, formation and
control. Crit. Rev. Food Sci. Nut. 44, 323e347.
Tareke, E., Rydberg, P., Karlsson, P., Eriksson, S., Tornqvist, M., 2002. Analysis of
acrylamide, a carcinogen formed in heated foodstuffs. J. Agric. Food Chem. 50,
4998e5006.
Wang, H., Liu, D., Sun, J., Zhang, A., 2005. Asparagine synthetase gene TaASN1 from
wheat is up-regulated by salt stress, osmotic stress and ABA. J. Plant Physiol.
162, 81e89.
Wang, Y., Jacome-Sosa, M.M., Vine, D.F., Proctor, S.D., 2010. Beneﬁcial effects of
vaccenic acid on postprandial lipid metabolism and dyslipidemia: Impact of
natural trans-fats to improve CVD risk. Lipid Technol. 22, 103e106.
Ward, J.L., Poutanen, K., Gebruers, K., Piironen, V., Lampi, A.-M., Nystrom, L.,
Andersson, A.A.M., Aman, P., Boros, D., Rakszegi, M., Bedo, Z., Shewry, P.R., 2008.
The HEALTHGRAIN cereal diversity screen: concept, results, and prospects.
J. Agric. Food Chem. 56, 9699e9709.
Winkler, U., Schön, W.J., 1980. Amino acid composition of the kernel proteins in
barley resulting from nitrogen fertilization at different stages of development.
J. Agron. Crop Sci. 149, 503e512.Yannai, S., 1980. Toxic factors induced by processing. In: Liener, I.E. (Ed.), Toxic
Constituents of Plant Foodstuffs, second ed. Academic Press, London, pp. 371e
427.
Zhang, Y., Dickinson, J.R., Paul, M.J., Halford, N.G., 2003. Molecular cloning of an
arabidopsis homologue of GCN2, a protein kinase involved in co-ordinated
response to amino acid starvation. Planta 217, 668e675.
Zhang, Y., Wang, Y., Kanyuka, K., Parry, M.A.J., Powers, S.J., Halford, N.G., 2008.
GCN2-dependent phosphorylation of eukaryotic translation initiation factor-2a
in Arabidopsis. J. Exp. Bot. 59, 3131e3141.
Zhao, F.J., Hawkesford, M.J., McGrath, S.P., 1999. Sulphur assimilation and effects on
yield and quality of wheat. J. Cereal Sci. 30, 1e17.
Zhao, F.J., McGrath, S.P., Blake-Kalff, M.M.A., Link, A., Tucker, M.R., 2002. Crop Re-
sponses to Sulphur Fertilisation in Europe. In: International Fertiliser Society
Proceeding No 504. The International Fertiliser Society, York.
Zyzak, D.V., Sanders, R.A., Stojanovic, M., Tallmadge, D.H., Eberhart, B.L., Ewald, D.K.,
Gruber, D.C., Morsch, T.R., Strothers, M.A., Rizzi, G.P., Villagran, M.D., 2003.
Acrylamide formation mechanism in heated foods. J. Agric. Food Chem. 51,
4782e4787.
